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ACETYLSTROPHANTHIDIN has been shown to induce transient depolarizations (TD's) in canine Purkinje and atrial specialized conducting tissues. 1 ' 2 The same phenomenon (low amplitude potentials) appears in Purkinje tissue intoxicated with ouabain. 3 In isolated tissues TD's can reach threshold and result in extrasystoles. 1 TD's may provide a mechanism for certain ectopic activity and arrhythmias observed in preparations in situ. 1 ' *• 5 Preliminary evidence suggests that TD's are caused by or involve an inward transmembrane current carried by calcium ions. 6 If TD's are associated with an influx of Ca ions one might expect a concurrent partial activation of the contractile mechanism. In this study experiments were conducted to test this hypothesis, and some of the characteristics of aftercontractions found to accompany TD's are described. The data are consonant with the hypothesis that calcium ions are involved in the generation of TD's and suggest that the overt manifestations of digitalis intoxication may be altered by the amount of resting tension to which the tissue is subjected.
Methods
Experiments were performed with canine ventricular muscle and Purkinje tissue. Adult mongrel dogs (8-15 kg) of either sex were anesthetized with sodium pentobarbital (30 mg/kg, iv). Hearts were removed through a left parasternal Received December 2, 1974 ; accepted for publication October 29, 1975. incision and immediately fibrillated (25 V, 3 msec in duration, at 50-60 Hz). Papillary muscles, trabeculae, and false tendons with diameters of less than 1 mm were excised, usually from the right ventricle, and were placed in a reservoir of oxygenated Tyrode's solution at 37°C. A selected preparation was transferred to a tissue bath through which Tyrode's solution flowed continuously (37°C, equilibrated with 95% Oj-5% CO 2 ). The composition of the solution was: NaCl, 137.0 mM; KC1, 14.0; NaH 2 PO 4 , 0.9; NaHCO,, 12.0; CaCl 2 , 2.5; MgSO 4 , 0.5; and dextrose 5.5. One end of the preparation was fixed to the bath with a stainless steel pin. The other end was attached by means of a nylon thread to a Grass force-displacement transducer (FT 03C). The resting tension applied to the preparation was 80% of the tension required to result in maximum developed tension measured at a basic cycle length (BCL) of 600 msec.
Preparations were driven with rectangular pulses from a Tektronix pulse generator (pulses, 3 msec in duration, 2x theshold voltage). An interval generator triggered the pulse generator. The stimuli were delivered in regular trains of 10 or 20, separated by 3-second pauses.
Glass microelectrodes filled with 2.7 M K.C1 and varying in resistance from 10 to 20 megohms were used to record transmembrane potentials. Conventional methods were used to display the transmembrane activity on an oscilloscope (Tektronix 565). Records of contraction were displayed simultaneously. The combined display was photographed with a Grass camera.
In some experiments acetylstrophanthidin (AS) (Eli Lilly) was infused directly into the tissue bath using a Harvard TENSION AND DIGITALIS ARRHYTHMIAS/Ferrier 157 infusion pump. The rate of infusion of the solution, containing AS (10 iig/m\ in Tyrode's solution) was adjusted to result in a final drug concentration of 75-200 ng/ml. The drug was dispersed by a thin stream of gas (95% O 2 -5% CO 2 ) released in the bath. In other experiments AS was added to the reservoir of Tyrode's solution to achieve the desired concentration.
Results

AFTERCONTRACTIONS INDUCED BY ACETYLSTROPHANTHIDIN IN PURKINJE TISSUE
Contractile and electrical activity were recorded from six isolated false tendons superfused with AS (75-100 ng/ml). Following the last of each train of driven responses, one or more TD's appeared. In all cases the electrical events were accompanied by low amplitude aftercontractions. In Figure  1 are shown records from one of these experiments. The action potentials were followed by TD's and the corresponding contractions were followed by aftercontractions with amplitudes and time courses paralleling those of the TD's. At the level of intoxication illustrated, TD's reached threshold only when the driving frequency was increased (BCL = 300 msec; not illustrated).
For a number of reasons it is unlikely that the aftercontractions represent a localized activation of the contractile mechanism by spontaneous nonpropagated action potentials. The progressive development of aftercontractions during the train of driven responses closely paralleled the development of TD's, suggesting that the mechanical event is also a graded response. There was no evidence in these experiments of conduction block frequently observed with greater degrees of intoxication. 7 Aftercontractions first appeared at an early stage of intoxication, before ectopic beats were observed, and when a positive inotropic response was apparent. Furthermore, in experiments on false tendonpapillary muscle preparations the magnitude and temporal relations of TD's were not changed by alternately delivering 200 r mgL FIGURE 1 Transient depolarizations and aftercontractions in Purkinje tissue exposed to acetylstrophanthidin (100 ng/ml). The top trace is an intracellular record of transmembrane potential. The second trace is a record of the contractile activity. The bottom trace indicates the pattern of stimulation. The transient depolarizations and aftercontractions are most obvious following the last driven responses of the train but can also be seen developing through the train as "prepotentials" and "precontractions." Stimulus artifacts have been retouched. BCL = basic cycle length; RT = resting ten-trains of stimuli to muscle and Purkinje tissue (unpublished observations). Thus it is extremely unlikely that reentrant activity with heterogeneous propagation could be responsible for the observed TD's.
The amplitudes and coupling intervals of TD's and aftercontractions (measured from the upstroke of the preceding action potential to the peak of the TD or aftercontraction) are both linked to the preceding BCL. Two or more TD's and aftercontractions were present at some driving rates, but the relationships of only the first events to BCL are plotted in Figure 2 . As the BCL was increased the amplitudes of both phenomena increased to a maximum at a BCL of 500-600 msec. Further lengthening of the BCL resulted in a decrease in amplitude of both. The coupling intervals of the two phenomena were very similar at all BCL's and increased as the BCL was prolonged from 300 to 800 msec.
We previously reported that the coupling interval of the first TD, measured from the upstroke of the last driven action potential to the peak of the TD, was approximately equal to the BCL. 1 Those data were collected from preparations mounted under no tension. The results of the present experiments indicate a relationship with a slope less than 1 (mean = 0.7). In all six preparations studied, at slow rates (BCL = 500-1,000 msec) the coupling interval was shorter than the BCL, and at fast rates (BCL < 400 msec) the coupling interval was longer than the BCL. The same relationships were not studied in the absence of resting VOL. 38, No. 3, MARCH 1976 tension in these preparations, therefore it cannot be conclusively stated that tension altered the relationship.
AFTERCONTRACTIONS INDUCED BY ACETYLSTROPHANTHIDIN IN MUSCLE
We have previously reported that we never observed TD's in canine ventricular muscle exposed to AS. 1 -7 This observation did not preclude the possibility that aftercontractions might occur in muscle. In all of 11 muscle preparations AS caused aftercontractions coupled to the driven contractions ( Fig. 3 ). The top panels of Figure 3 represent transmembrane potentials (upper trace) and contractile responses (recorded at high gain to display the low amplitude aftercontractions) of a papillary muscle driven at two different BCL's before intoxication with AS. Neither TD's nor aftercontractions were apparent following the trains of driven responses. The bottom panels ( Fig. 3 FIGURE 3 Production of aftercontractions without transient depolarizations in ventricular muscle exposed to acetylstrophanthidin (AS), 200 ng/ml. In each panel the top trace is a record of transmembrane potential; the middle trace is the contractile record (contractions overlap electrical record), and the bottom trace shows the stimulus pattern. The two lop panels were recorded before the tissue was exposed to the drug. The peak of the first contractions at both basic cycle lengths (BCL) were off the oscilloscope screen. A pronounced contractile allernans was apparent at the shorter BCL. A l the longer cycle length the peaks of the contractions are more easily seen and exhibit a decreasing staircase. Neither transient depolarizations (TD's) nor aftercontractions were apparent following the driven trains before treatment. The bottom panels were recorded at the same two BCL's after intoxication with AS. At the shorter BCL the peaks of all contractions except the second and Jourth were off the screen. At the longer BCL the peaks of beats 2-10 are visible and demonstrate more clearly the inotropic effect. Both trains of driven responses were followed by prominent aftercontractions in the absence of TD's. At the longer BCL the aftercontractions were visible also between driven contractions. Stimulus artifacts were retouched.
shorter BCL. At the longer BCL the aftercontractions could be seen developing during the train. At neither BCL were the aftercontractions accompanied by TD's. The positive inotropic action of AS is apparent at both driving rates.
If aftercontractions in the muscle were caused by mechanisms similar to those underlying the occurrence of TD's and aftercontractions in Purkinje tissue, the coupling intervals and amplitudes of the aftercontractions in muscle also should be dependent on the preceding BCL. Five muscle preparations were examined to determine whether a similar relationship exists. The coupling intervals of aftercontractions in muscle were measured from the last stimulus of the driven train to the peak of the aftercontractions. The amplitudes were measured from the resting tension (at the end of the pause in driven activity) to the peak of the aftercontractions. The driven trains of beats were commonly followed by three distinct aftercontractions, and at certain BCL's a fourth aftercontraction was detectable. In Figure 4 are illustrated the relationships determined in an experiment representative of the series. The relationships are similar to those described for TD's, but there are several obvious differences. Although the coupling intervals of the aftercontractions increased as the BCL was lengthened, they were not multiples of the BCL. Instead, the series of aftercontractions occurred at relatively constant intervals of about 400 msec. Initially the first aftercontraction occurring over a wide range of BCL's appeared to be an exception to this relationship, because it occurred at a coupling interval very nearly equal to the BCL (Fig. 4, filled squares) . However, when the BCL reached 1,000 msec yet another aftercontraction appeared approximately 400 msec before what had previously been the first aftercontraction (open square).
The relationship between the amplitudes of the aftercontractions and the BCL of the preceding train are indicated in the bottom portion of Figure 4 for three of the identifiable aftercontractions. The relationships for the remaining aftercontractions were omitted because they occurred over a smaller range of BCL's and were too low in amplitude to measure accurately. The relationship for the earliest commonly occurring aftercontraction (filled squares) is similar to that described for the first TD in Purkinje tissue. The amplitudes were greatest when the BCL was 600-700 msec. The second and third aftercontractions (filled circles and triangles in Fig. 4 ) increased in amplitude as the BCL was shortened, resembling the behavior of the second TD in Purkinje tissue. The tension developed by the two later aftercontractions reached a maximum at a BCL of 300 msec.
The relationships between amplitudes of the aftercontractions and the BCL appear complex. However, the impression that different relationships govern the amplitudes of each aftercontraction (and TD in Purkinje tissue) may be a misinterpretation. One possibility considered was that the amplitude of a given aftercontraction might be dependent directly on the coupling interval and only indirectly on BCL. Therefore, the amplitudes of the three prominent aftercontractions were replotted as a function of the corresponding coupling intervals (Fig. 5 ). The symbols for the three aftercontractions are the same as in aftercontractions as a function of coupling interval. Amplitude was maximal when an aftercontraction occurred 600-700 msec after the primary contraction was initiated. The relationship was confirmed in four additional experiments. When previously reported data relating amplitude of TD to BCL in Purkinje tissue were similarly replotted, it was found that a single curve also relates amplitude of the first and second TD to the coupling interval; maximal amplitude (short of threshold) was reached at a coupling interval between 500 and 800 msec.
TRANSIENT DEPOLARIZATIONS INDUCED IN MUSCLE BY ACETYLSTROPHANTHIDIN
In previously reported studies we had not observed TD's in ventricular muscle fibers exposed to AS. 1 Those studies were conducted without applied tension and frequently with papillary muscles with diameters in excess of 1 mm. In the present series of experiments the muscle preparations had diameters of 1 mm or less and were studied with an applied tension 80% of that which resulted in maximum developed tension. Of 11 such preparations, four showed no evidence of TD's in response to intoxication with AS, but TD's of various amplitudes were observed in the remaining seven. In some of these the TD's were low in amplitude and may have represented movement artifacts related to enhanced contractility, but in one trabecular preparation in which there was no detectable layer of Purkinje tissue the TD's were of sufficient amplitude to reach threshold.
Recordings from this preparation are shown in Figure 6 . In all panels the top trace represents the transmembrane potential, the center trace is the mechanical record, and the bottom trace shows the stimulus artifacts. The panels on the left were recorded with a slow film speed and show an entire train of 20 driven beats. Those on the right show an expanded record of the last driven response of a train. In panels A-C the expanded traces were recorded when the BCL was 500 msec, to illustrate the change in configuration of the action potentials recorded at that cycle length. The amplitudes of the TD's were greatest following trains of beats at short BCL's. Therefore the illustrations on the left were recorded at a BCL of 250 msec. The traces in panel A were recorded during the control period. No aftercontractions or TD's were observed following the driven trains. The traces in panel B were recorded after exposure of the tissue to AS (100 ng/ml) for 40 minutes. The record of contractions shows a positive inotropic effect. The configuration of the action potential also is changed. A more pronounced phase 1 is apparent and the plateau occurs at more negative 
FIGURE 6 Transient depolarizations and aflercontractions produced by acelylstrophanthidin (100 ng/ml) in ventricular muscle. Panel A is the pretreatmenl control. Panels B-D represent progressive intoxication of the preparation. In each panel the top trace is the transmembrane record, the middle trace shows the corresponding contractile response, and the bottom trace indicates the pattern of stimulation. The basic cycle length for each recording is indicated above the respective panel. The panels on the right show the last driven beat of a train of 20, and panel D also includes a spontaneous beat inititaled by a transient depolarization. The gain of the mechanical records is reduced in panels C and D to ensUre a clear demonstration of the electrical events. See text for explanation of sequence. Action potential spikes and stimulus artifacts were retouched.
voltages. Aftercontractions and TD's appear following the driven trains. The traces in panels C and D were recorded after exposure of the preparation to AS for an additional 50 minutes. Panel C shows further alteration of the action potential configuration. The TD has increased in amplitude. When the BCL was shortened to 200 msec (panel D), the TD reached threshold and thereby induced an extrasystole which was in turn followed by a subthreshold TD. The last driven beat and the extrasystole are also shown in the expanded record (D, right). Throughout the experiment multiple impalements were made in various areas and at various depths in the preparation. The changes in action potential configuration and development of TD's were uniform at all recording sites. It is therefore unlikely that the effects represented changes in a local area of superficial Purkinje tissue that previously had not been detected.
EFFECTS OF TENSION ON TRANSIENT DEPOLARIZATIONS INDUCED BY ACETYLSTROPHANTHIDIN IN PURKINJE TISSUE
In eight experiments we studied the effects of applying tension to false tendon preparations already exhibiting subthreshold TD's. In three of the experiments application of tension resulted in repetitive spontaneous activity resembling that described by Rosen et al. 8 These experiments were performed early in the series and incorporated 3-second pauses between trains of stimuli. The remaining five experiments were performed with pauses of 5 seconds between trains to reduce cumulative effects of preceding trains. In two of the experiments, stretch caused a definite increase in the amplitudes of TD's. In the remaining three experiments application of tension caused previously subthreshold TD's to reach threshold. This effect is illustrated in Figure 7 . In panel A the preparation was not under applied tension. The driven train of responses was followed by subthreshold TD. Panel B was recorded 49 seconds after panel A. In the interim the microelectrode was removed from the cell, the resting tension was adjusted to 400 mg, and the preparation was reimpaled. The illustration shows that the TD following the driven train reached threshold. Panel C, recorded 54 seconds after panel B, shows that the effect of tension was immediately reversible when the resting tension was returned to zero. The particular sequence was repeated several times with impalements at various loci. Each application of tension caused the TD to reach threshold, and the effect could be observed at all sites impaled. The results of these experiments strontly suggest that tension results in enhanced automaticity by increasing the amplitudes of TD's induced by AS.
Discussion
The occurrence of aftercontractions in cardiac tissue with or without concurrent transmembrane potential changes has BCL = 350 msec
FIGURE 7 Effect of tension on transient depolarizations (TD's) in an isolated false tendon intoxicated with acetylslrophanthidin, 75 ng/ml. In each panel the top trace indicates the stimulus pattern, the middle trace is the transmembrane recording, and the bottom trace is the record of tension. Panel A: The resting tension was zero;
the trains of driven responses were followed by subthreshold TD's. Panel B: The resting tension was increased to 400 mg; the TD's reached threshold, resulting in a spontaneous action potential followed by a sublhreshold TD. Panel C; The resting tension was returned to zero; The TD's following the trains were again subthreshold. Stimulus artifacts and action potential spikes were retouched. BCL = basic cycle length. been described in several reports*" 1 ' relating this occurrence to a number of different initiating events or conditions; these authors have presented a number of examples and cited additional descriptions by others. Several of the reported phenomena may be the same as the TD's and aftercontractions reported here, or they may be manifestations of a similar mechanism. Particularly interesting are the "oscillatory afterpotentials" and associated aftercontractions described by Bozler. 9 ' 10 These were induced in turtle ventricular strips immersed in an isotonic solution containing low sodium and high calcium concentrations. The oscillatory afterpotentials were found to increase in amplitude with progressive increases in the number of preceding beats and, occasionally, to reach threshold. When the oscillatory afterpotentials remained subthreshold they formed a series of simple damped oscillations. We are reluctant to adopt Bozler's descriptive name for the electrical phenomenon because TD's exhibit relatively complex relationships with changes in BCL and coupling interval; they do not appear as a simple damped progression of oscillations. The question of whether the appearance of these phenomena is different because of a species difference or because of the very different conditions of the experiments remains to be resolved.
The cited studies of oscillatory phenomena incorporated low temperatures (1O-33°C) and high calcium concentrations in combination with one or more extra agents or procedures to elicit aftercontractions or oscillatory potentials. 9 ' 18 Reiter 11 observed aftercontractions in papillary muscles from guinea pig hearts. The aftercontractions were induced by low temperature (25°C) and dihydro-ouabain and were enhanced by elevation of calcium concentration. The observed aftercontractions were not accompanied by an electrical counterpart. The aftercontractions Reiter observed probably represent the same phenomenon described in our present study. The wide range of agents and conditions that can elicit aftercontractions and sometimes afterpotentials in various tissues from a number of species suggests that the phenomena represent a basic mechanism that is enhanced or altered, but not induced de novo, by the agent or conditions. The observation that under certain circumstances TD's can occur in muscle raises several questions. Electrical activity can be measured from only a small sample of the total number of cells in the preparation. By contrast, tension records represent the sum of the activities of a large number of cells. It is therefore possible that aftercontractions occur only in conjunction with TD's, but only a fraction of the cells in muscle respond to AS by generating these phenomena. The aftercontractions would appear in the mechanical record but observation of TD's would depend on the cell sampled. This interpretation of the observations is improbable for a number of reasons. First, numerous impalements were made in all muscle preparations. When TD's were absent they were absent at all sites; when they were present they were observed at all sites and were similar in magnitude throughout the preparation. Also, because of electrotonic interactions, single impalements record the activity and interaction of a number of cells. As reported earlier, 7 false tendon-muscle preparations exposed to AS showed large TD's in Purkinje tissue distant from muscle and progressively smaller TD's at recording sites closer to muscle. In Purkinje fibers overlying muscle, TD's were absent or of negligible amplitude at a time when they were approaching threshold near the cut end of the false tendon. These results suggest that the electrotonic influence of the relatively large mass of muscle tissue not generating TD's would prevent the occurrence of TD's in adjoining muscle cells. In light of the above, we consider our present recordings to be reasonable approximations of the mean responses of the tissues and interpret the observations to indicate that tension or stretch promotes the generation of TD's in muscle.
The occurrence in a number of preparations of aftercontractions in muscle in the absence of TD's may indicate that an opposing current (perhaps carried by potassium) can partially or entirely prevent TD's that otherwise would result from a phasic inward current. The opposing current would have to possess time-and voltage-dependent characteristics that would provide a negative feedback voltagestabilizing mechanism capable of almost entirely eliminating the TD's. This possibility must be viewed with caution. The evidence that a transmembrane calcium current induces aftercontractions is circumstantial and incomplete. It is possible that aftercontractions result from an intracellular release of calcium without a concomitant change of transmembrane potential. Furthermore, the evidence to date does not exclude the possibility that in both muscle and Purkinje tissue the primary event is an oscillatory release of internally stored calcium and that TD's are secondary events resulting from an action of the released calcium on the cell membrane.
Within the frequency range studied (BCL = 200-1,000 msec) the amplitude of both TD and aftercontraction passes through a maximum at a coupling interval of 500-700 msec, whatever the driving frequency. The final appearance of the event is thus determined in two steps. The preceding BCL determines the interval at which the aftercontraction or TD will occur and this interval, in turn, determines the amplitude that will result.
The effects of stretch on the amplitudes of TD's in Purkinje tissue and on the development of TD's in muscle may have clinical implications. In a whole heart, uniformly stretched at the end of diastole, it would be expected that much of the Purkinje system would develop TD's relatively uniformly with digitalis intoxication. If the TD's achieved sufficient amplitude to reach threshold and initiate ectopic activity the resultant ventricular arrhythmias could, by chance, be multifocal. In a heart damaged by an infarction in which a local area of Purkinje or muscle is stretched disproportionately during diastolic filling, and fails to shorten during systole, digitalis-induced arrhythmias might be unifocal because of the local enhancement of TD's. Also, the results suggest that local areas of stretch might increase the susceptibility of the heart to digitalis toxicity and possibly limit the margin of safety of the drug.
